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Symmetry-breaking phase transitions at which topological defects form are ubiquitous in 
low-tetuperature condensed-matter systems. In fundamental particle physics too. there 
are good reasons for thinking that similar phenomena occur at vastly higher energy 
scale's. If so. the defects formed may have significant effects in the early universe. 

Elect roweak unification is now well-established. It Is natural to suppose that further 
unification may occur at even higher energies, in a Grand Unified Theory (GUT). 
Some evidence in support of this idea comes from the running of the three independent 
coupling constants in the SU (3) x SI/(2) x f.’(l) standard model. In the basic standard 
model, they do not quite seem to meet. But in its supersymmetric extension, the 
parameters can be chosen so that they do all come together at an energy of around 10 1 ’ 
GeV [B2J, suggesting the possibility of a high-temperature phase with a larger symmetry 
represented by a simple group such as .S’G(IO). In such a model, t in- universe would be 
expected to go through uue or more phase transitions with decreasing symmetry as it 
cooled after the Big Bang. Even without supersymmetry, models with multiple phase 
transitions may be viable pj. 

Depending on the pattern of symmetry breaking, such transitions could create 
topological defects of various types. These include point defects (mmiopolts). linear 
defects (cosmic strings, analogous to vortices in condensed matter) and domain walls. 
It has long been known t hat because the st.uulard model group contains a 1/(1) factor, 
munopoles are generic in GUT models that start with a simple gauge group. Avoiding 
the resulting over-abundance uf munopoles was une of the prime original motivations 
fur the introduction of the theory of inflation; if the munopoles are generated Injun 
the inflationary era. they will be diluted to insignificance by the rapid expansion. 
Nevertheless, inflation is compatible with the existence of delects, which c an he formed 
during the reheating phase that terminates- that era QJ. Moreover, essentially all realistic 
GUTs predict the existence of cosmic strings, though not always stable ones [5J- 

Cosmological scenarios derived from fundamental string theory or M-theury, such 
as braueworld models, also frequently predict the appearance of defects of similar types 
pi HI 31 Sj. These strings can haw somewhat different properties. In particular, the 
probability of exchanging partners when strings intersect, can be much less than one Jff]. 
in contrast to the situation for cosmic strings in gauge theories [IT]]. Moreover, there cun 
be st rings «r different tension, fundamental strings (F-strings) us well as Dirichlel D1 
branes (D-st rings) and (;>. i/)-st rings, composites of p F-st rings ami </ D-st rings [m iT2] . 
There may be junctions where three strings meet. The evolution of a network of such 
strings is a more complicated problem, but the final result may not be so very different 
[T3|. Analytic and inmierical studies have shown that a network of ordinary cosmic 
strings generally evolves, at least on large stab's, to a scaling regime in which the 
strings Form a roughly constant fraction of the energy density of the Universe. Though 
the analysis Ls less clear cut, this appeals also to be true for a multi-tension network. In 
that ease the lightest strings come to dominate [HI[To]- Here we shall not discuss these 
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added complications m any detail. Another important topic t hat lie's outside the scope 
of this review is the relevance of monopole mid string networks to QCD coniiuemeut. 
See for example [IG] . 

There lacs been extensive discussion in the literature of the characteristics and 
effects of these various defects, and of ways in which they might be detected. But in 
addition to the simple defects there may also be composite* defects such as domain 
walls bounded by strings and strings connected to monopoles, and there has been 
less discussion of the ClTBCtS of these more exotic Structures. In this paper, we Shall 
concentrate on the composites of strings and monopolies. As we aim to make clear, even 
within this category there are many different types of structures. 

In Six-. [jJ we briefly review the topological requirements for the dilferent types of 
defects to form at a phase transition, where the Symmetry is broken from a group 
to a subgroup II. These are governed by the topology, in particular the komotopy 
grou|», of the manifold M of degenerate vacuum stall's, which may be identified with 
the quotient space G/H. Then in Sec.JdJ we disc ut* the case where the system undergoes 
two successive phase transitions, with the symmetry first, broken from G to II mid then 
to a smaller subgroup A*. Such scenarios often lend to the formation of composite 
defects. In the remainder of the section, we discuss a number of different models that 
illustrate the wide range of possible defect structures. The interactions between the 
various defects that nui form can be quite complex fTT] (TS). Here we concentrate only 
oil a few examples. 

Sex [I] is devoted tu a discussion of the strings and monopoles that appear in 
the standard eleitnnvenk model. Electrowenk niouopolos and strings are not strictly 
speaking topological defects. Elect roweak monopolcs are confined while elect roweok 
strings are known to be unstable, but configurations of these deetruvve.ik defects still 
tan play an important rule in cosmology, especially perhaps in connect ion with baryun 
number violation and cosmological magnelic field generation. 

Possible means of observing composite defects of various kinds are discussed 
in See. m where we also discuss the observational constraints arising from existing 
observations. The conclusions are 1 briefly summarized in Sir. fj| 

2. Simple defects 

2.1. Topological conditions for defects 

We first recall the conditions for the appearance of topological defects of various types 
at a symmetry-breaking phase transition (six* for example [01). When the system is 
cooled through the transition temperature, there is some order parameter field multiple! 

that acquires a vacuum expectation value, say (0|o|0) = <&,. lying somewhere on a 
manifold M of minima of the potential V(0). If the symmetry group is G. then any 
operation g 6 G will transform this vacuum state into another degenerate vacuum state, 
with expectation value gou. If II = {/i 6 G|/t^4o : 0o} C G is the subgroup leaving On 
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invariant. then the vacuum manifold may be identified with the i|UOtieut M C/ll. 
tin 1 .set of left cosets {gH) of II in C. The types of defects that may be formed are 
governed by the topology of M. 

Cosmic string* can form if M is not simply connected, i.r.. its fundamental group or 
lirst homotopy group rr,(.Vf j ^ 1. where 1 stands for the group comprising the identity 
alone. That means there are closet! loops in M that cannot be continuously shrunk to a 
point. The value of 0 at points on a large loop in space surrounding a cosmic string will 
follow such a path. In the simplest case, where O is a complex scalar mid C coinprist's 
the phase rotations 0 -> 0c"‘. then M is a circle. |0| : r/. i.c. 0 = //<'" with arbitrary 
phase n. In this case. ?ri<.Vf) = Z. Thus the strings are labelled by an integer winding 
number n: on a loop around a string <if winding number «. the phase a changes by 2 nrr 
(see section jgTgj . 


There is a simple general < rit erion for t he existence of strings in a model where 
the symmetry group C is connected and simply connected, i.c. m(G) -- jtj(<7) 1. 

Then a standard theorem tells us that k\(C/H) -- ir u (.//>. Here the zeroth homotopy 
group counts the number of disconnected pieces ot II: «„(//) = /////„. where //„ Ls the 
connected component, of II containing the identity. So strings exist if and only if H 
is disconnected. The theorem may still be applied even if C is not simply connected, 
merely bv replacing it by its simply connected universal covering group. For example, 
WC may replace 1/(1) by the additive group of re.d numbers C R, in wliic h ease II Z, 
the set of transformations wit h a = 2 nn. 

Similarly. mOnopolcs exist if A-f) ^ 1. that, is, if there are non-slirinkablc two- 
dimensiouid smfaces in M Surrounding a mouopole, t he vidue of 0 will lie on such a 
surface. The simplest example here is when C SU{ 2), with 0 in the lluco-dimensional 
adjoint representation. Then II = f/(l), and M is a 2-sphere. |c»| = r /. so n.(.Vl) = Z. 
The monopoles .ire ag.iin labelled liy an integer (see section O) . There Ls also a similar 
theorem, applicable when 77 0 (£i’) it,{ 6') = 1, namely rr, (//So munopoles 

coast when II Ls not simply connected. 

For completeness, we mention two other topological objects. Domain nu/ILs occur 
when M itself Ls disconnected. iru(Ad) j- 1. For example, we may take a real scalar 
lield 0 with <i double-well potential mid Z_< symmetry under 0 -* 0. The domain 

wall separates regions where the vacuum expectation value lies in one well or the 
other. Finally list arts occur if 1. Here there is no actual defect, in the 

sense of a compact region <if concentrated energy. However, a non-lrivial texture 
cannot be smoothly eliminated and converted to the vacuum state; it represents excess 
energy, albeit spread out rather than concentrated. Unwinding of the texture occurs 
in <i restricted region of spacetime. Textures in the universe could have real physical 
consequences [-d| . 

In the remainder of this section, we discus specific models that illustrate a variety 
of dilferent types of strings and monopoles. 
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a. The simplest model that leads to cosmic strings Is the f*( l)-symmetric Abelian Higgs 
model . comprising a complex scalar field O interacting with a gauge Held .l„. described 
by the Lagrangian 

£ = - V. (1) 

where 

= i) M 0 + icA^, /> = d p A,. - 0,'Ap, ( 2 ) 

and 

V = iA (d>‘6 - t, 2 ) 2 . (3) 

Mere A and g are real positive constants anil we set c = ft = 1. The potential V 
has a maximum at d> = 0, so the £/(l) symmetry Is broken in the vacuum. There 
Ls a degenerate family of vacua labelled bv the phase angle: (0|o|0) tfi ,n . This Ls 
essentially scalar electrodynamics but with a symmetry-breaking potent ial. The masses 
of the scalar and vector particles in the theory are m» = y/Xg. m v = v/ 2 |cjr/. 

A static string with winding number n iduug the : axis is described in cylindrical 
pulars (p, :) by a Held coofigiiraLion 

Aa = 0, A k = -SLh(p)Qw, (4) 

where the dimensionless functions / and h satisfy the boundary conditions 

/(ft) = 1,(0) = 0. /(oo) = A(oo) = 1. (5) 

The magnetic held along the string carries a total magnetic (lux 2nir/c. This is the 
NivLsm Olcscn string solution |2T|. 

The Solution with n 1 Ls always stable, but the stability of strings with n > 1 
depends on the value of the ratio (i -- m~/m 2 A/ 2 e J . For Type-II strings, with 1 > 1. 
< low- parallel strings repel, ami any string with n > 1 is unstable to break-up into n 1 
strings. Type-1 strings, with 3 < 1. are stable for all values of n. and can form three- 
string junctions where for example strings with winding numbers m and n meet to form 
an (w * «) string. For the critical cam: ol 3 1. there Ls no force between parallel 

strings. 

For these strings, the teusion is equal to the energy per unit length, p. and is given 
by fi -- 2ng(3)i/ J , where g is a slowly varying, uionotonicully increasing function with 
the value </(l) = 1 for the critical coupling. 

b. As a second example, we consider the symmetry group G SU( 2) with I wo 
scalar Helds in the adjoint representation, a = and t'> = V< a o a . where tin 1 a" are 
Pauli matrices. If we take 

V = iA(r-? - t?) 2 + ±A(tf7 J - r? 2 ) J + ip(<A- (ft) 

whore o* - i tr( 0 *), then it is clear that in the vacuum we will have | 0 | - |i j - t) 

and d • f = ft. ThLs breaks the symmetry down to the centre of SU( 2). namely 
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H = {1.-1} =; Zj. Since II is discrete, there is no remaining massh'ss gauge field. 
But there arc hirings, because j^IAI) - n lt {H ) = Z_>. For these "Zj strings", stable 
strings with higher winding numbers may exist but are not stable fur topological reasons. 
We shall return to this point below. 

In but. it is easy to construct similar models of “Z„ strings”, by taking the 
symmetry group to be SU(n) with n holds in the adjoint representation, and choosing a 
potential that constrains them all to be non-zero and mutually orthogonal (see Section 

HO- 

c. Interesting possibilities occur when some of the symmetries are local and others 
global (22]. For example, suppose that G = U(2) SU( 2) x I ’{l|/Zj. with a scalar 
lield in the fundamental (spinor) representation. (The Zj factor Is required because 
tin 1 centre of SU( 2). comprising the two elements (1. 1} is also contained in (/(!).) 
Moreover, suppose that only tin- Abelian factor /'(l) is gauged, so there is just one 
gauge boson, while SL'[ 2) is a globul symmetry group. 

If we looked only at the local symmetry, we might expect the appearance of strings 
because uf the breaking of U( 1}. However the vacuum manifold i-H' if is M : S‘ J . 
and *|(AI) l, so there are no topologically stable strings. It is easy to construct a 
string solution liy embedding the Nielsen Olesen string solution ijd^; we take 

a = . -4 = 0. A = (7) 

Stability of this semi-local solution is not guaranteed by any topological argument. 
Using the other component of O. it can be smoothly deformed into a configuration lying 
entirely in .Vf. so that the potential energy vanishes, but at the cost of increasing the 
gradient energy. Despite the alwence of a topological guarantee ol stability, detailed 
analysis shows that it is indeed dynamically stable in the Tvpe-1 regime 8 < 1. though 
not when i > 1 [23112d|. 

2.2. 7 lliwfl 1‘olyakoe mmwpate.s 

In this model, (1 SU{ 2), and 0 belongs to the three-dimensional adjoint 
representation. We can write o d‘a , ‘. A,, = .4“o". Here we take 

£], Fp- = Op A,. - 0,.Ap + 3>c[.d^, .4,.], (8) 

or equivalent ly 

= 0„O a - vc^Ay, = 0„A : - 0,.A; - (f») 

With V |(c« J r/~‘) J . we find that the vacuum manifold Af is a two-sphere, o 1 if. 

and H U{ 1). In this case there Is a scalar particle of mass ni s = \/\i) mid three vector 
particles, one massless (ideulilied with the photon) ami two with masses w x — v/2|c|/,. 
This is essentially the Weinlierg-Sal.uu model with vanishing weak mixing angle. (>„ = 0. 
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Here a static monopolo at the origin is described by the solution [25112E] 

^ = ,,/(r)£l, A“ t = 0, ^ = -/i(r)l^_, (10) 

whore r .mtl the functions / and h obey the boundary conditions 

/( 0 ) = /,( 0 ) = 0 . /(oo) = /i(oo) = 1. (11) 

At large values of r, the guuge field is found to bo 



/■" f “ 'o' 7 ‘ 
v r cr ;l 


112 ) 


This field is in the direction of the unbroken symmetry generator, corresponding to the 
electromagnetic lield. It represents a radial magnetic held 

B* = = ~ (is) 

Hence the total outward magnetic flux, the magnetic charge of the monopole, is 



IId) 


In any model, for the Hold .-lj to be single-valued, the magnetic char go for any 
monopolo must always satisfy the condition 


<<l = 2»ur 


I In) 


for some integer n. Note that for this particular monopole solution, the charge is twice 
the minimal value. 

It can bo shown that the mass of the monopole obeys the Bogomoruyi bound [57] . 

m mao > —■ (lf'l 

C 

which Is saturated in the I’rasad-Sommerfeld limit of small scalar coupling, X/c' 1 * (1 


3. Composite defects 

i?. 1. Defects formal at multiple phase transitions 

There are many iield-theorv models that predict more than one phase transition in the 
early universe. In such cases, composite defects may form [5D] , 

Suppose we start with a theory with symmetry group Cl, and that it goes through 
a phase transition where a lield 0 acquires a n<m-/.ero expectation value, breaking the 
symmetry to a subgroup // C G, and then subsequently a second phase transiti<m. 
where unother field r. 1 gets a non-zero, but generally smaller, vacuum expectation value. 
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breaking the symmetry further to I\ C II. After the first breaking, we have a vacuum 
manifold M - G/H. If tills is topologically non-trivial, defects will form. In tin- second 
transition another sot of defects may form if the manifold HfK has uou-trivial liomotopy 
groups. However, the existence of stable defects in the (mal phase is actually controlled 
by the topology of M' = G/K. 

The simplest example here is a f *(1) gauge model wit h two scalar fields, 0 <if charge 
2c. and r of charge c. We assume that the potential contains an interaction term of the 
form + t(r* 2 <4). The absolute minimum of the potential occurs when a and v 

haw fixed magnitudes, say |<£| = r/. Iv’i and the phase of r J is the same as that of o. 
After the lira! stage of symmetry breaking, when (o) becomes non-zero, the symmetry 
Is reduced from £7(1) to II Zj. comprising the transformation ic -> t\ Here M is a 
circle S'. and iTi{Ad) - 2 . Therefore strings are formed, labelled by an integer winding 
number n. with the phase of 0 changing by 2 nir around the string. 

Now when the second transition occurs, the remaining Z.« symmetry is broken, 
because r has to choose between the two degenerate vacuum values. Breaking this 
discrete symmetry would be expected to create domain walls, separate regions where 
opposite choices are made. Hut considering the ovendl symmetry breaking, from l'(l) 
lu 1 . uu discroLe symmetry breaking is involved, and there are no truly stable domain 
walls. In fact, M 1 Is also a circle, but each point of M comsponds to two diametrically 
opposite points of M'. 

Consider a string .dong the ; axis, where outside the core, o //»*"•’. To minimize 
the potential we must then have tl> = ±;T'"-^ 2 . Hut note that for n 1 or any odd 
number, that would not lead to a continuous solution. The strings with oven winding 
number survive, but around one with odd winding number there must be a point where 
r changes sigu over a short distance. Iu other words, the string becomes attached as 
the boundary of a domain wall. 

Unlike fully stable domain walls, these are potentially unstable to the formation of 
holes surrounded by new loops of siring, though such a decay lias to overcome <ui energy 
barrier. The hole has to attain a minimum size before its creation becomes energetically 

favorable. 

. / 2. Monopalcs joined hy strings 

We now discuss several examples where the first stage of the symmetry breaking leads to 
the formation Of i Hooft l’ol.vakov mono poles, followed by a second stage where strings 
farm. 

a. One simple example is provided by the SU{ 2) model above with two adjoint 
fields O and r, but where the constants A and 7 iu the first two terms of ijbjl are dilferenl. 
say A, A' and 7 . 7 '. with y/A 7r{ -C y/A 7 . Then in t he first stage of symmetry breaking, 
when $ becomes non-zero, the symmetry will break to II £/(l), while after the second 
stage it will break furt her to l\ Zj. At the first stage, mouopolcs will farm, because 
nj((!/H ) : 2 . In the second breaking, since ni(H/K) - Z, we expect strings, classified 
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as usual by mi integer winding number. Qwrail. however. since iT|(C/A) Zj. the 
only topologic ally stable si rings arc 7., si rings. 

Moreover, there are no truly stable monopoles. It is easy to see what happens. 
Around an n - 1 monopole the field o may be chosen to point radially outwards. When 
r becomes nonzero it ncetls to 1 m» orthogonal to a, so around a sphere it should lie in 
a tangential direction. But it is not pussible to choose such a direction everywhere. 
There have to be points where it vanishes. For example, we could take it everywhere in 
lh«' azimuthal f direction, but to maintain continuity it must then vanish at the north 
and south poles. In fact, there haw to be two strings attached to the monopole. The 
uionopolcs are like Wads on the string. The configuration is often culled a necklace. 
Similar structures cun appear very naturally in string-theory models ffH]. 

It is useful to consider the fields around a string. If the first field <!> Is taken to be 
along the siring, then r must wind around it. either clockwise or anticlockwise. Thus 
th<' string has a direction; a string is not identical to an anti-string, in spite of the fa< I 
that they are topologically equivalent. A string Can bo Converted to an antistring, but 
it take's energy to do so. In fact, what it takes is the creation of a pair of monopoles. 

Similarly, strings with higher winding numbers (in the Tvpc-1 case 3 < 1) may 
exist, but are not truly stable: an it = 2 string can terminate on a monopotc. 

b. Now let us consider another model, this time with symmetry group (! £/{2), 

as in the example of the semi-loud string, but here with all symmetries gauged. A scalar 
field it in the adjoint representation breaks the symmetry, here to II L’(l) x t'(l). 
The manifold of degenerate vacua Is M ■ S', and monopolra coil form. Now suppose 
there is another scalar field r in the fundamental (spinor) representation, and that there 
are extra terms in the potential: 


V = iA(<W - r/*) a + iA'(V-V - if 1 )* + (17) 

where again \/AV *tC \f\ti. As: the system cools further, it will go through a second 
transition at which (t 1 ) becomes non-zero. If. for example, (if) r/r)". then clearly, to 
minimize the potential, (t 1 ) should be proportional to the eigenvector (") of a 3 . This 
breaks the symmetry down to A' = U{ 1), generated by j(l + o') = ( 0Q ). 

This model is wry dilferent from the previous one. in that there remains a massless 
vector field in the final phase: indeed the gauge-field structure is the same as in the 
bosonic sector of the' standard electrowcak model. Since — i(///A*) = Z. strings labelled 
by an integer winding number will be formed in the second transition. The manifold of 
vacua becomes M' - (!/K S 3 . Thus there are no truly stable strings or monopolra 

in the final phase. What happens is that each monopole becomes attached to a string: 
each string is either a closed loop or connects a monopole to an luitimonupole. 

It Ls easy to see what a monopole configuration looks like. At large distance from 
the monopolc, we can lake O radially outwards, so that 



( 13 ) 


cos 0 sin 0< *** 
sin 0c 1 * 3 — cos 0 
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All around the sphere, i- must be proportional to the eigenvector with eigenvalue 1. 
so we can t ake 



But it Ls impossible to make this choice continuous everywhere. Here it is singular ut 
the suulli polo, where a string must be attached, around which the phase ol i>r changes 

by 2 n. 

Note that here the strings carry a magnetic flux {2jt/c), equal to the magnetic 
c harge on the munitpolo, mi there is only one st ring attached to each, not two. 

c. Very diflenml. behaviour can be seen in a model based on the symmetry group 
31/(3) with three lields o, i.'i. i'j, .ill in the 8 -dimensional adjoint representation 
m I" the first stage ol symmetry breaking O acquires a non-zero expectation 
value, satisfying I©! = r/. where- |o| J = itr(cr). The- vacuum manifold is then 
M = SU(3)/U(2). which may be identified with the complex projective- space CP 2 . 
Point* in this: space may be labelled I by triples of complex numbers Z‘ (z\.z>, z^). 
where (r|.;..r,) and (ksj, ksj,) represent the same point for any non-zero k t C. 

The point in M corresponding to Z € CP" is 

For example, w-e may choose the value 






( 21 ) 


Here Ti .7s are the generators of 37/(3), the Gell-Mann matrices [32] . 

After this first .symmetry breaking the remaining symmetry group Ls II l’{ 2) £ 
SU( 2) x f. r (l)/Z>. There are nun-trivial loops in H , imd ni(H ) = Z. so there are 
rnonopolcs, labelled bv an integer rr. Hut this Ls somewhat misleading. Homot opically 
non-lrivial loops in II corresponding to odd values of n cannot lie solely in the f/(l) 
factor; they must include a path in 37/(2) from the identity element 1 to (■ 1). = 
diagl- 1. 1,1). A monopole with n 1 must in a sense earn- a “Zj charge" .is well as 

the mouopole charge 2ir/r. Note however that the Z. charge can only have tin- values 
0 or 1 : it obeys the Z. addition rule. 1 + 1 = 0 . Repealed twice this path in SU( 2) Ls 
trivia], so for even n the paths con be confined to 1/(1). For even u. the monopoles do 
not carry a Z. charge. 

Next, we introduce two mure adjoint fields. and choose the potential su 

that all three fields have definite magnitude and are orthogonal, in the sense that 
tr('PL , i.•) = tr(ti>it'*j) - 0 and also so that at the minimum t'i and r. commute with q. 
Fur example, with the chuice i pFIj i for we may lake vu = This then breaks 

the 37/(2) symmetry down to Zj. so the final symmetry group is merely /v = f'( 1 )• 
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A typical solution representing the field around a minimal-charge monopole, in 
spherical pohu?i, is 


f 3 CUM* - 1 

0 

-3sin0c*A 


/sin 7« w \ 

0 

2 

0 


o 

^-ffsiutfc , ’ f 

0 

— 3ctx sQ 1 


\ “*5 / 



( 22 ) 


Suitable forms for the other two fields can be found by starting with ti',. jfT' J at 
the north pole 0 I). and applying Si’(3) transformations 1/(0.^) that perform the 

transformation <fi) ^)- A simple choice is 

/ cos 7 1) - sill I r ‘A 

= [ o' i o . (2 :j> 

ysin | <•*' 0 cos 7 j 

This means that around the south pule 

( 0 0 -t *A 

0 1 0 ( 2 - 1 ) 

c'* 0 0 J 

Evidently, the configuration of the fields r,j is angular at the south pole. This 
singularity cannot, be removed by a gauge trims formation (though it could of course 
lie moved to a different location), because the path as y ranges Irom 0 to 2 ir is nun- 
couLructible in SU( 3), whereas it wuuld be contractible if ranged from 0 tu -It:. A Z_> 
string must be attached at the south pole of the munopule configuration. 

Every monopole uf charge n 1 must be attached to a string. The strings may 
terminate ou munupulcs or anlimonopolcs. A string may join a pair uf equal-clmrge 
monopoles ur a monupole-anlunonopule pair. However, numerical simulations show that 
typically the second possibility Is much more probable than the first. If the dynamics 
leads to the string shortening and disappearing, then in the first case this would lead 
lu cliarge-2 monupoles, but in the second cose to complete annihilation. The cliarge-2 
monopoles have no 2 . charge, but are pure / ’( 1 ) monopolea. 

d. A different choice of potential in the SU{ 3) model can lead tu .ui alternative 
symmetry breaking pattern, again with very different behaviour [Xi| . The lirst stage 
can proceed as before, with O typically given by (|2T||, breaking the symmetry down to 
H V ( 2 ) and again generating monupoles. Hut then we can choose the potential so 
that tin 1 minimum typically occurs when ifij - »/T ,G , generators that do not commute 
with T* and so do not belong to H. This choice lnus the effect of breaking the symmetry 
down to A Z,. the centre of SL'( 3). comprising the matrices {t- , "'/‘l|»i I). 1.2}. 

Consequently, this produces Z :1 strings. Since A is purely discrete, no massless gauge 
fields remain. 

Around a typical Z., string, the fields at large distance behave as 


V'i = tf(T* cos rt’fi + T' sin up), v, = i/(T* cos mv? + T sin n T '). (25) 
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6'(^) = «.'»***/v* = < iia S (c ,u ' ,/a . c"" 3 ' 3 . e ^'V' 3 ). (2C»> 

What then happens around a pre-existing inonopole? As in the previous example, we 
may expect that at the second symmetry breaking, the two new Jiclds i 1 ,.. may be 
frustrated front finding the vacuum configuration everywhere around it. So we may 
expect strings to be attached. But there is an important difference this time. Here the 
gauge rotation around a string. Eq. ij2bjt. does not constitute a closed loop in S£/(3) 
unless n — 0 mod 3, since f/(2rr) = Consequently. we cannot attach just one 

n 1 st ring for example to the mouopoic. We need three of tlu'in. mid if we an' in the 
region of parameter space in which forces between identical strings are repulsive, the 
three will tend to spread out around I lie monopole. So this symmetry breaking pattern 
yields a quite different type of string network, with junctions where three strings meet 
at a monopole. 

Another point should be noted here. An n 2 siring may or may not be unstable 
lu splitting into twu n 1 strings. But in any case it Is topologically equivalent to 
a n 1 string, r.c. an n = 1 striug in the opposite direction, so if it is stable to 
splitting, it is indeed in principle unstable to turning into an n 1 string. But it 
may nevertheless be locally stable, because this transformation can only happen via the 
creation of a monpolo-aulimunupule pair, which requires energy. 


4. Munupulcs iuid strings in the standard electroweak model 


We haw already discussed semilocal strings in Sec. ^2 (see Eq. |JT}) in an SU[ 2) x 
f/(l)/Z_. model where the SU{ 2) is global and the U{ 1) is local. This model coincides 
with the standard model of the electroweak interactions whose symmetry group is 
denoted \SU{2)l x U( l)y]/Zj. but with the important difference that the £'f'|2)L 
factor is gauged. If the SI ; (2)l and L f (l)v coupling constant* are denoted by g and y 
respectively, the relative strength of the two coupling constants is given by the "weak 
mixing angle". 0 W , defined by 

(27> 


tan 0. - 


with fhe measured value sin J 0, = 0.23. 

Since the semiloeal model is the sin J * 1 limit of the standard model, we expect 
the seiniloealstring solution to also be pn^sc-nt in tlie standard model Thus the standard 
model has ,ui electroweak string solution given by 


*=^ = o. z k = 


12S) 


Note that only the Z-gauge field of the standard model is non-vanishing: the charged 
11' 4 and the electromagnetic gauge fields vanish. Thus this solution is sometimes called 
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a “Z-string" and also distinguishes it from other embedded electroweuk strings called 
“II ’-strings" in which the 11 '* gauge fields are non-vanishing. 

As in the semiloeal case, there is no topological reason for the existence of the 
elcclruweak string solution: nor is its existence protected by a topological winding 
number. Hence we expect the Z-string to 1m 1 unstable under small perturbations. 
A detailed stability analysis of the elcctroweak string shows that it is mctastable if 
mu < niy and for sin* > 0.95, and is unstable for other parameters, including the 
physical values: ni// : 125 GeV. nig 91 GeV, sin 2 0 U . -0.23. 

Since the Z-striug solution is not topological, a particular Z-string can terminate. 
To understand the properties of the terminus, we decompose the Z-magnctic flux inside 
the string into a linear combination of SU{ 2)/. flux and /.'( l)j llux. When the Higgs 
has the conventional vacuum expectation value: 0 - //(<). I) 7 . the decomposition is 

Z„ = cos0 u ,U- sin 0 w y„. (29) 

The \V* magnetic flux is non-Abelian and can terminate, but the ) magnetic llux is 
Abelian and divergence less, and cannot terminate. Then the )' magnetic llux must 
extend beyond the terminus of the Z-string mid can only do so in the form of massleat 
electromagnet ic (.4) magnet ic llux defined by 

A h = sin $ w W* + cos e u y„. (30) 


Thus the terminus of the Z-string is a source of A magnetic llux i.r. a magnetic 
monopole. Note that the Z ami A gauge fields are orthogonal, so the magnetic monopole 
has div(B j) ^ 0. where B * is the electromagnetic magnetic field, while it is confined by 
a string that has nothing to do with electromagnetism. (The situation is very similar 
to the dual ease where electrically charged quarks are confined by IJC’D color strings.) 

Before describing the properties of the elcctroweak magnetic mouopole and Z- 
string. we will provide another way of seeing the existence of the monopole. more in line 
with the original [taper by Naniltu [33]. Essentially one constructs a composite adjoint 


held 


«» = 


< t >'0 ' 


( 31 ) 


Once gets a vacuum expectation value, we will have n° ^ 0. Note that n“ trunsfornis 
trivially under L'(l)> and, as lar as its properties under .S'(. r (2)/. are concerned, it Ls 
exactly like the held c>" in Scc. |2..i( Tims, as in the't Hoofl-Polyakov monopole. we can 
write down a “hedgehog - conlignration 


m a = i WS = 0. WS = (32) 

However, this configuration Ls disallowed in the underlying model la-cause tin- relation 
in Eq. | [Jf] l cannot be inverted to obtain a non-singular o. Instead there lias to be a 
string attached to the hedgehog on winch 6 0. This is exactly the location of the 

Z-string. 
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More explicitly. the asymptotic Higgs and gauge field configurations Tor an 
elect roweak monopole with a semi-infinite /-string along the : axis are given by 


<> 

( cos 0/2 \ 

“ '' ysiu0/2e '’) 

(33) 


= - c'^n^n" + ivoti i 6 w n a {o'd l ,& - 

(3-J) 

u% 

= - i*in 2 0 w (<i>'dp& ~ 0^6). 

(35) 


A finite segment of /-string will have an elect roweak monopole on one end and an 
autimonopole on the other end. A field configuration for sue fi a finite energy “dumbbelT 
configuration can be written as [33] 


o = 


«*(B/2) \ 

sin(0/2)t ,v ') 


(38) 


where 

cos0 = cos 0, n - cos 0, }l + 1 (37) 

and ff„, and 0 lh are the spherical polar angles wit fi I fie axes origin located .it I fie mouopole 
and the autimonopole respectively. Nambn also considered the lifetime uf rotating 
dumbbells, though only accounting for decay by emission of electromagnetic radiation. 
In particular, decay by fragmentation and other instabilities were not considered and 
remain to be investigated. 

The magnetic flux uf the elec troweak monopole can lie shown to be 

F=±-siir0 u . (38) 

Seemingly tliis does not obey the Dirac quantization condition but this Is nut a 
contradiction because of the /-string that is attached tu the monupole. 

The mass uf the elect roweak mouopole cannot be defined because it is always 
confined. If the mass is measured in terms uf I fie energy barrier to the breaking of 
/-strings, it would turn uut to be negative because the /-string Is unstable. 

Finally we discuss t he eleelrowcak "sjihaleron” [35] in terms of a bound state of an 
elcelroweak mouopole and luilimouopole. Since a mouopole and an autimonopole carry 
opposite magnetic charges, there is an at tractive Coulomb force that tends to bring them 
together so that they Can annihilate. However, a monopole -uni an autimunupole have 
an extra degree of freedom, namely a relative phase between them. Tu see this in the 
context of the elect roweak model pG|. consider the asymptotic Higgs field configuration 

( sin(0 m /2) su,(0 m /2)c* + oos(0 m /2) cos(0 m /2) \ 

' \dn(8«/2) cos(0 rt /2)c^ - cos(0 m /2) sin(f? rtl /2)c-^ ) 

where 0 m and 0,,, are spherical polar angles measured from the location of the monopole 
at : : 4-n on the r- axis and the location of the autimonopole at ; o respectively. 
The phase angle - will be explained in a moment. Note that |cS„ UI ,| r/. 
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Away from the antimonopole and close to the monopole we can lake II lh ^ 0 and 
the configuration reduces to 


ipmin 



HO) 


which Is the configuration around an docl.nnveak monopolc (see Eq. ijTlji). On the olhet 
hand, il we take 0 m -> n, 


<t>mth —» >l <" 


/ si..(» li< /2) \ 

\«K(0o,/Z)t^ »j 


(-»!) 


which is the Higgs configuration around an autimonopole up to <m irrelevant overall 
phase factor. The ^ * phase shown that the autimonopole has a relative rotatiou 

compared to the monopolc. Thus f is a relative “twist” between the monopolc ami the 
autimonopole. Further, the twist provides a repulsive fore:*' between the monopole ami 
the autimonopole. By adjusting the twist parameter and the monopole-anlimouopole 
separation, a static solution can be found. The solution was first found in an 0(3) model 
in Hell |T7| .uni then in the elect ruwenlc model (in the ti a 0 limit) in Ref. (35] using 
very elegant mathematical techniques. The solution, now called a “sphalorou", plays an 
important rule in anomalous baryon number Violation, and may play a critical role in 
explaining the cosmic mutter-antimatter asymmetry, .uni may also provide a mechanism 
tu generate ci&mological magnetic fields (see below). 


5. Observational constraints 


As depicted in Fig (T) I here are three distinct eases relevant to monopules cmuiectcd by 
strings that need tu be considered in a cosmological setting. The three cases correspond 
tu whether a monopolc is connected by 1 ur 2 or many (> 3) strings. In addition, in all 
three cases, we can consider the possibility that all the monopolc magnetic llux 1 ms been 
confined to the string, or only some of the flux is confined while the remaining flux is 
umuulined. For example, in Sec. 3.2 we hare discussed the case of SU(2) > £/(l) > 1 
and there all the monopolc flux gets confined tu a string. On the other hand, fur the 
electro weak monopole discussed in Sec. [3] the Z-llux Is confined to a string, but the 
monopolc still carries an tinconiined oh“ctromagnetic flux. 

First consider the case when a monopole is connected to an autimonopole by a 
single string and forms a “dumbbell”. Simulations find that the length distribution of 
dumbbells is ex|K>nential: exp( //£) where £ is set by the average distance between 
monopoles at the lime of string formal ion [33]. 

If dumbbells are produced at some cosmological epoch, the strings will quickly 
shrink and bring the monopolc and autimonopole together. The acceleration of the 
monopolc and autimonopole will lead to electromagnetic radiat ion, whereby the system 
will lose energy, as given by the classical electromagnetic radiation formula E - yWffi rr 
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Figure 1 . Thni' cnsi;> uf inuuupoles ou sitings: blue and leil dots represent umuopales 
and nnlimonopoli'S u~ipectively. 


whore the acceleration « = fi/M. M is tin* monopole mass, </ the magnetic charge, and 
li the string tension. Once the moiiopole and autimonopole collide, they annihilate and 
the time scale for a given dumbliell to dissipate will In* given by its initial length. If a 
dumbbell is very long initially, there is also a probability that it will Ikj chopped into 
shorter segments when other strings collide or when the long string crosses on itself, 
through a process called intercommutation. Since the length distribution of dumbbells 
i> dominated bv the smallest length, and the smallest length is typically much shorter 
limn the cosmic horizon, most of the energy in dumbbells is dissipated within a Unhide 
time. Then observational signat ures can only arise if a telltale remnant Is produced 
during the decay process. We will shortly discuss three po^ihle remnants. 

In tin 1 second case shown in Fig 0 the monopole is like a “bend on a string" ami we 
expect the formation of “cosmic necklaces" [391 (30]- Monopoles and anlimonopoles can 
slide .duug the string, collide, anil annihilate, and produce high energy’ particles that 
can potentially hi* observed ns i.usiuic rays fEE EEE EE?]. However, eltiscr scrutiny of the 
process [72] lincls that the monopolcs annihilate very rapidly alter formation and the 
network soon resembles a network of ordinary cosmic strings. Then the observational 
lunstraints on ordinary cosmic strings (discuiaod below) also apply to beads-on-strings, 
independent of whether the uiouopole (beads) carry uncouliued magnetic flux. 

In t he third ease of Fig. Q] a string web is formed with monopolcs at the junctions 
of the web. Then the web stretches with tin* expansion of the universe, and dilutes 
due to munopule-anl imuuopale annihilation. The resulting net work scales self-similarly 
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in tiiuo, i.e. the statistical properties of the web do not <lepend on time but tin* 
(huraeteristic overall scale (distance between monopolist) grows in proportion to cosmic 
time 031 : W with \ — /i/(2-lir.l/-). where /i is the string tension and M is the 

monopole mass. We now need to distinguish between the case when the monopoles carry 
untonfined flux and the case when all the flux is confined, since these two scenarios lead 
to very different cosmological scenarios fl3| . 

If the nionopoles carry uuconlincd flux, their rapid acceleration under the pull of 
the strings leads to the emission of very high energy gamma rays whose spectrum peaks 
at — 100 TeV. The energy density in such gamma rays divided by the critical energy 
density of the universe is estimated to be £?3] 


iU TeV 



M2} 


where if-, is the fractional cosmic radiation energy density. The observed gamma ray 
flux dies off very rapidly at such high energies. Using the numerical values in Ref. |T1) . 
the relative energy density in cosmic gamma rays at energies above say 100 C'.eV Is 
&t>lOUGeV < 10 thus leading to the constraint 


—— < io 0 m 

I npy/p 

where nij- - 1.2 x 10 ,,J C!eV is the Planck mass. The constraint will he stronger if 
WO restrict to gamma rays with energy greater than 100 TeV where observations 
indicate a sharp < utoff ill the gamma ray flux. It has been suggested that under some 
circumstances even i>articli*s of tranx-Phuickian energy could have been generated [15] . 

If all the magnetic flux of the monopoles is confined to the string, tin' nionopoles do 
not radiate high energy photons even as they are accelerated by the connecting strings 
to relativistic energies. In this case, the web of strings and nionopoles does not have an 
efficient way to dissipate its energy. The energy density in the web then dilutes due to 
Hubble expansion and due to occasional rearrangements when monopoles annihilate or 
when strings iutercoiiunute. As a result the relative energy density in the web compand 
to tin* matter density grows with lime [TU EE]. Eventually the web dominates the 
cosmological matter energy density. Ome the cosmological evolution of the web is 
understood in delaiffj the growth of the web relative energy density potentially leails to 
a constraint on the parameters of the fundamental model but a rigunms constraint 1 ms 
nut been derived so far. 

Current cosmological constraints on ordinary cosmic strings as derived from the 
millisecond pulsar timing observations limit the mass per unit length of the string, p, to 
lie less than ~ 10 ,J in Planck anils, Lc. fi < 10 19 gm/cm J3H 05]. This constraint 
depends on the gravitational radiation frum strings, which Is turn depends on the 
dynamics of strings, and in particular un the loop distribution. In t he cases of beads 
on strings, the dynamics Is expected to be similar to ordinary cosmic strings and so 


t Ami with the itidunhiti uf dark entigy. 
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this constraint also applies. However, in the case of a web of strings, the dynamics 
Is very different and loop formation is suppressed. In this case, the constraints from 
the uon-dctectiou of string gravitational tensing, and non-observation of string induced 
distortions of the angular power spectrum of the cosmic microwave background (C’MB), 
can still lie applied. These provide the bound p < If) 7 (for a summary of observational 
bounds oil cosmic strings, see Ref. 021). If we combine this bound on the string tension 
with Eq. 10 for the case of string webs in which monopoles have uuconlined gauge 
flux, we obtain a constraint on the monopolo mass 

M < 10 W (-1-4) 

There are two remnants that can arise from dumbbells that are created at some 
cosmological epoch that can potentially lead to an observable signature. The first 
remnant is simply the energy resulting from the decay of dumbbells provided they decay 
at cosmological redshifts between : 2 = 1 (|‘ and 10 1 '. In this case there is not enough time 
left until hydrogen recombination for the energy injected into the cosmological medium 
tu get thcrmulizeil. As a result, the decay of dumbbells can distort the spectrum of 
the ( 'MB. No such distortions have been measured so far and this limits the amount of 
energy deposition in the medium. However, the cosmic temperature at these redshifts is 
< 1 keV mid tin- cosmic time Is — 1 yr. and from the particle physics side, we think we 
know that there are no dumbbells that can survive for this long a period. The exception 
is if plasma effects can somehow play a role as discussed in the ease of "embedded 
defects" in Uef. 0OU5T] or if quantum effects are important and stabilize the dumbbells 

m 

The second remnant produced by decaying dumbbells is a magnetic field that can 
lie trapped in the cosmological medium, which can then survive until the present epoch 
piol m\ . Indeed, primordial magnetic fields may also help explain the ubiquity of 
magnetic fields seen in galaxies and clusters of galaxies (for a recent review, see m- 

We have alreadv related twisted dumbbells to the elect ruwcalc sphaleron in See. [|| 
(sec around Eq. pojl). If we assume that the cosmic matter-antimatter asymmetry is 
generated dvuandcally via sphaleron processes, then sphaleron decay will leave behind 
twisted or “helical" magnetic fields G5ZJ- Such magnetic fields violate parity sim tl the 
handedness of the field is related to the preference of matter over antimatter. Evidence 
for helical cosmological magnetic fields has recently been discovered [5811521. suggesting 
that they may have been produced during the decay of monopoles-on-strings. 

If the monopoles on dumbbells do not carry' uuconlined flux, they will still lose 
energy by emitting gravitational waves, thus providing a third cosmological remnant 
from dumbbells. Further, if tin* dumbbells are sufficiently long at production, as 
can happen if the strings are produced after an inflationary epoch or with certain 
string theory cosmic strings, tin- distribution of dumbbells will produce a gravitational 
wave background [fiT] and gravitational wave bursts [fi-j . Upcoming gravitational wave 
detectors can be sensitive to the hunts and con potentially provide constraints at the 
level C/i < 10 
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6. Conclusions 

Field theories tulmit a wide variety of topological defects of which mouopoles, strings, 
and domain walls tire commonly discussed. In this review we have focussed on a type 
of “hybrid" or "composite" defect, namely mouopoles connected by strings. We have 
discussed liehl theories in which monopoles are contiectetl to 1. 2, or 3 strings. The 
case of one string per monopole is relevant to the elcctroweak model, ami also to 
a proposed explanation ol the observed absence of cosmological magnetic mouopoles 
[flflj. For more than 1 siring per mouopole. we have considered the symmetry breaking 
pattern SU(N) -> SU(N 1) x f *( I) -* Z. v . The lirst stage of symmetry breaking 
gilt's monopoles and the second connects the mouopoles lo .Y strings. We have also 
described the mono|M>les connected by a single string arising in the symmetry breaking 
SU( 2) x £/(l) * L'(l) x (/(l) -> f/(l) and this is directly relevant to the standard 

electro weak model. 

Munupohv—un-sl rings can have observable effects in cosmology mid ongoing 
observational elliirls constrain their abundance. If mouopoles are connected by 2 or 
mure strings, a string network should exist in the universe. The strongest bounds on 
a string network arise from gravitational riulintiou from loops of strings and lead to 
t‘ < 19 9 , where p is the string tension in Planck units. The bound may not apply 
tu the string web in which mouopoles are connected by more than 2 strings, since the 
loop distribution will likely be suppressed. Gravitational leasing constraints still imply 
p < 10 T . Non-gruvi!uliouul constraints due to particle emission have also been derived 
in the literal me and are summarized in Sec. Q 

The ease when a mono pole is connected by a single string Ls speii.d because the 
strings then bring monopoles and antimonopoles together, and the whole system can 
rapidly annihilate. Iu this case, cosmological observables can only be sensitive to the 
decay products of the system. Since the annihilation of mouopoles mid milimonopoles 
releases magnetic fields, the gruwiug evidence for cusmological magnetic fields mav 
indeed indicate a rule for munupules-on-slriugs iu the early universe. 

Acknowledgements 

This work was supported by the Department of Energy at Arizona Stale University. 
References 

[1| U. AtunliQ, W. do Bow. F'. FI. FtaunpUiu, IF Fuislwwu iunl J. T. Liu. Plus. Lett. FI Ml. 371 
(1992). 

|»1 IF. E. Huber, N'ucL Piiys. Pint SuppL 62, 100 (1998), ).nXiv:I| 1 ,1 1 /0711*U'a»] 

|:t| V. Momliriiii. N. Xagniu. K. A. Olivo. .1. Quovillon and J. Zheng. Plus. Rev. D 91. no. 9. 09.10IQ 
(2015) (arXiv.1502.06929 (hep-ph)). 

|4] S. Sariuigi and S. FI. IF. Tvt>. Phys. Lett. B 536. 185 (2002) [la-p-lh/0204071]. 

|5| Ft. JwiuiuiiH. .1. FFucber and M. Sakellailudnu, Phvs. Rev. D 68 (20031 103514 (hep-iih/030Ki:U). 

|Gj N. T. Jones. IF. Stolen ,m.l S. II. II. Tyo. .1HEP 0207 (2002) 051 [bopAh/020.1163|. 






Monopolo on strings 


21) 


|7| M. Majumdai and A.-C. Davis. JHEP 0203 (2002) 056 [be|i-th/Q202U8|. 

|8] K Ek.ier. M. Bedov and A. Kraus.?. Pbys. Rev. D 74 (20061 045023 [he|»-Ui/0510(IGG]. 

[9] M. G. Jackson. X. T. Jones and J. Polcbinsld. JHEP 0510 (2005) 013 |hc|i-th/0405229]. 

Ill] K Hnabluioto and D. Tour. JCAP 0500 (2005) mil |liep-tb/05(i0022]. 

|llj J. Pwldiinsld, Lectures presented at the ‘mil CnrR*ao Summer School [hep-th/0412244]. 

[12] G. Dvidl iuid A. Vilenkin. JCAP 0403 (2004) 010 [hep-th/0312007]. 

113] A. Avgoustldls and E. P. S. Sltellard. Phva. Rev. D 73 (2006) (111301 |n»tro-pli/0512582]. 
ill S.-H. H. Tye. 1. Waterman ami M. Wyirnui. Pbya. Rev. D 71 (2005) 103508 [Pbys. Rev. D 71 
(2005) 129900] [astro-ph/0503506]. 

|15| M. Hludmandi and P. M. Saffiu. JHEP 0008 (20110) (Hill |hep-th/00U5(H4). 
jib] M. A. C. Kuelpp, Pbys. Rev. D 70. 125010 (2007) |ar.\iv:0707.3791 |hep-th]]. 

17] X. Siduu and D. T.wr. JHEP 0503 (2005) 019 [hep-lh/0501207]. 

[18] D. Tong, TAS1 lectures on Millions: lusltmloru. monopoles. vorlict.i on J hut* [be|i-lb/050021C]. 

[ 111] T. \V. B. Kibble, hi Pa/h.rru o/ Symmetry livtiiktat). ed. 11. Antdc, J. DziarmuRu A - W.H Zurek. 

NATO Science 11. 127. pp. 3 30 <2002). [arXiraond-mat/0211110]. 

[211] N. Tiui.k. Pbys. Rev. Lett- 63. 2625 (1989). 

[21] II. B. Nielsen and P. Olcwen, Nucl. Pbys. B 61 (1973) 45. 

[22] A. Admcarm and T Vachaapali. Pbvs. Repl. 327. 317 (2000), arXiv:bep-pb/!>901229. 

[23] M. Hind marsh. Pbys. Rev. Leu. 68. 1263(1992). 

[24] M. Janies. L. Perivolaroponke and T. Vaehasimli. Nud. Pbys. B 395. 534 < 1993) [ht|i-ph/9212301]. 

[25] G. I Huofl. Nud. Pbvs. B 79 (1974) 276. 

[26] A. M. Polyakov. JETP Lott. 20 (1974) 191 [Pismn Zb. Eksp. Tc^r. Fir. 20 (1971) 430]. 

[27] E. B. BoRiimul nyL Sov. J. Nud. Pbya. 24. 119 (19711). 

[28] M. K. Prasad ami C. M. Sonuuerfldd. Pbys. Rev. Lett. 35 (1975) 700. 

[20] T. W. B. Kibble, G. Lazar Ides and Q. Sbnfl, Pbys. Rev. D 26 (19821 435. 

[30] L. Leblond and M. Wymnu, Pbys. Rev. D 75 (2007) 123522 [aslro-ph/0701427|. 

[31] V. Nr. T. W. B. Kibble and T Vnrhaspati. Pbys. Rev. D 78 (20081 016001 [n»Xlv:ttS06.0155 

P*p-u»ll- 

[32] II. GeurgL Front. Pbys. 64 11982) 1. 

[33] J. Heo ami T. Vadi.mpati. Pbys. Rev. D 58 (1998) 065011 [bep-pb/9801455]. 

[3-1 j V. XiuubiL Nuil. I’bvs. II 130. .505 11977). 

[35] N. S. Mantun. Pbys. Rev. D 28. 2019 (1983). 

|36| T. Viu-liasputi and G. B. Field. Pbys. Rev. Lett. 73. 373 (1994) [bep-ph/9401220]. 

[37] C. II. Taubes. Ccmunuu. Math. Pbya. 86. 257 (1982). 

[38] E. J. Copeland. D. Haws. T. W. B. Kibble, D. Mll.beU iuid X. Tnn.L Nud. Pbys. B 298. 445 

(1988). 

[39] M. Hinduuusb and T. W. B. Kibble, Pbys. Rev. Lett. 55. 2398 (1085). 

[40] V. Berezinsky and A. Vilenkin. Pbvs. Rev. Lett. 79. 5202 (1997) [nstu>ph/9701257|. 

[11] X. Siemens. X. Martin and K. D. Olurn. NucL Pbya. B 595. 402 |2001) |ostro-pb/0(K)641l|. 

[12] J. J. Blanco-Pillndo ami K. D. Olurn, JCAP 1005, 014 (2010) [ar.\ivH)707.34(i0 |aatro-ph]]. 

[43] T. Vaduispall and A. Vilenkiu, Pbys. Rev. D 35. 1131 (1987). 

[14] M. Aikerunum r.t id. |Tbe Ferun LAT Collol*oralii>u|, A»tru|ibys. J. 799. uo. 1, 86 (2015) 
[nrXiv: 1410.3696 [astro-ph.HE]). 

115] V. Berezinsky. X. Martin and A. Vilenkin. Pbya. Rev. D 56. 2024 (1997) |astm-pb/97D3077]. 

[46] C. J. A. P. Martins. Pbys. Rev. D 82. 067301 (2010) |arXlv:1009.1707 [hcp-ph]|. 

(17] F. A. JeneL G B. Hobbs. W. van Straten. R. X. Manchester, M. Bailes. J. P. W. Verbiest, 

R. T. Edwards and A. \V. Baton et at.. Aatiophys. J. 653. 1571 (2006) [n*tto-pli/0G09013|. 

[18] J. J. Blanco-Pilladn. K D. Oliun ami B. Sbbui. Pbya. Rev. D 89 mi 2, 021512 (2011) 

[arXiv: 1309.6637 [aatro-pli.CO)]. 

[49] Ttuuuay Vadi:is|iati. Levon PorosIiui. and D.iuleJe A. Steer. (2015) Chuuk: ntuni/n. Scholnrpedin, 
10(21:31682. http://uuv.scholarpcdia.org/artlclo/CoBir.ic_atringa 



Monopoles on strings 


21 


[50] M. Nagasawa ami R. Brandenberger. Phys. Rev. D 67. 043504 (2003) |hep.ph/020724G]. 

[51] J. Karouby and R. Brandenberger. Phys. Rev. D 85. 107702 (21112) [arXiv:120:i.0073 (hcp-tli)]. 

[52] H. Weigel, M. Quandt and X. Gtaham, [arXlv: 1505.07631 [hep-tli]). 

[53] T. Vaehaspati, Phys. Lett. B 265. 258 (1091). 

[54] T. Vaehaspati, Sintra Electroweak 1991:171-181 |hep.pli/9105286|. 

[55] K. Sulnatnanian. The origin, evolution and signatures of primordial magnetic fields. 

arXiv: 1504.02311 (astio.ph.CO). 

[56] C. J. Copi. F. Ferrer, T. Vaehaspati and A. Adiucano. Phys. Rev. Lett. 101. 171:102 (2008) 

(aiXkvrOSO1.3653 (astro-ph)J. 

[57] Y. Z. Chu. J. 11. Dent and T. Vadiaspati. Phys. Rev. D 83. 123530 <21111) [arXlv: 1105.3744 

(hep-tli][. 

[58] 11. Tashiio. W. Chen. F. Ferrer and T. Vaelinspad, Monthly Notices of the Royal Astronomical 

Society: Letters 2014 445 (1): L41-L45 (arXlv:1310.4826 [astro-pli.CO]]. 

[59] W. ('lien. 11. D. Chowdhuty, F. Ferrer, 11. Tashlto and T. Vaehaspati. Intergalaclic magnetic field 

spectra from diffuse, gamma ruys, aiXiv:1112.3171 [astro-pli.CO). 

[60] P. Langacker and S. Y. Pi. Phys. Rev. Lett. 45. 1 (1980). 

[01] X. Martin and A. Vilenkin, Phys. Rev. Lett, 77. 2879 (1996) |astro-ph/9606022]. 

[02] L. Lelilond, II. Shlaer and X. Siemens. Phys. Rev. D 79. 123519 (2009) [arXiv:0903.4686 [astro- 
ph.CO]). 



